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ABSTRACT

Research was conducted to determine the impact of the
allelochemical, a-tomatine,

on the susceptibility of

lepidopterous pests, Heliothis zea (Boddie) and
(Walker)

the

Pseudoplusia includens

Nomuraea rileyi (Farlow)

to the entomogenous fungus,

Samson.
In one experiment, a-tomatine inhibited colony formation
and

growth

of

N. rileyi, in vitro.

In vivo,

larval

growth

and

developmental time of H. zea were affected by a-tomatine and N.
rileyi.

The fungus was detected in the hemolymph and tissue of

larvae treated with two concentrations (LC50and LCgo) of N. rileyi
conidia,

including those fed a-tomatine.

tomatine

protected

larvae

against

At the LC50, a-

N. rileyi

and

increased

survivorship; at the LCgo, it inhibited the development of N.
rileyi, thereby reducing production of conidia.
In a second experiment, larval weight of P. includens was
decreased by increasing concentrations
weight of diet [wwt]) of a-tomatine.

(0.001 to 0.10% wet

A linear regression (Y

= 217.86 - 2,089.53 X, r2 = 0.90) described the relationship
between the larval growth of
concentrations.

The effective dose required to reduce larval

weight by 50% was calculated
validated

in

a

P. includens and the a-tomatine

subsequent

(ED50 = 0.048% wwt)

experiment.

vii

In

that

and then
study,

a

significant reduction (P < 0.05) in mean body weight of 10and 12-day-old larvae was obtained in larvae fed diet con
taining a-tomatine when compared with larvae in the control.
In

a

third

experiment,

N. rileyi was

detected

in

the

hemolymph and tissue of P. includens larvae treated with two con
centrations (LCjjo and LCgo) °f conidia, including those fed atomatine.

At the LCgo, a-tomatine protected larvae against N.

rileyi and increased survivorship; at the LC50, it inhibited the
production of conidia of N. rileyi.
Results from these experiments demonstrated that
a-tomatine exerted antagonistic effects against N. rileyi, and
retained its antifungal qualities at the third trophic level,
inhibiting the development of N. rileyi in P. includens and H. zea.
In addition, these studies demonstrated that generalist insect-herbivores

that tolerate a-tomatine may be protected

against entomopathogenic fungi.

viii

INTRODUCTION

Many host plant resistance programs are based on the
selection of breeding lines or varieties with a high content
of chemicals toxic to insect pests (Hedin et al. 1976, Norris
and

Kogan 1980).

One of the main lines of investigation of

the impact of plant quality on the fitness of herbivorous
insects has been the assessment of secondary plant compounds
(allelochemicals)

as defensive agents against such insects

(Duffey et al. 1986).
apparently

are

not

Allelochemicals are compounds which
directly

connected

with

the

normal

metabolic processes of photosynthesis, respiration, and growth
of the plant
1981).

(Edwards and Wratten 1980,

Stumpf and

Conn

The structures of ca. 30,000 secondary plant compounds

have been identified (Harbone 1982). These compounds consist
of alkaloids, terpenes, phenolics and steroidal, cyanogenic
and mustard oil glycosides.

Many of them play important roles

in multi-trophic interactions that involve plants, herbivores,
and natural enemies.
An understanding of the impact of allelochemicals on
biological
pathogens)

control

agents

(parasitoids,

predators,

or

is crucial for efficient and effective selection

of plant varieties with chemical-based resistance to insect
pests.

It

is

desirable

biological control,

that

host

plant

resistance

and

two of the most environmentally sound

insect management tactics, be compatible in order to obtain
more efficient control of insect pests.

2

Although some reports expounded the compatibility of host
plant resistance and biological control (Kogan 1975, Bergman
and Tingey 1979, Adkisson and Dyck 1980), others have shown
that plant genotypes with high levels of antibiosis to host
insects can have detrimental effects on biological control
agents of such insects

(Yanes and Boethel 1983, Powell and

Lambert 1984, Orr et al. 1985, Orr and Boethel 1985, 1986).
These previous studies were concerned only with the effects
of whole plant parts such as leaves or pods of soybean, Glycine
max L.

(Merr), on the natural enemies. No studies have been

conducted to elucidate the chemical basis of such antibiosis
upon the natural enemies.
The effect of secondary plant products upon organisms at
the

second

trophic

researchers.

level

has

been

considered

by

other

Early research by Morgan (1910) and later by

Gilmore (1938) clearly established the ability of secondary
plant products to act beyond the second trophic level. Morgan
(1910) proposed that the reduced percentage parasitization of
Manduca sexta
plants

by

(L.)

the

and M. quinquemaculata

parasitoid

Apanteles

ingestion of nicotine by the host.

(Haworth)

spp.

on tobacco

resulted

from

the

Closely parallel studies

by Gilmore (1938) showed that when larvae of M. sexta were fed
tobacco

foliage

containing

nicotine,

the

hosts

were

parasitized at much lower levels by Apanteles congregatus (Say)
than when similar cohorts of larvae were fed upon a wild
species

of

solanaceous

plant

devoid

of

nicotine.

This

suggested

that nicotine may

be the

reduced rates of parasitization.

causal

agent

for the

Other studies along similar

lines indicated the detrimental effects of secondary plant
products upon parasitoids (Thurston and Fox 1972, Barbosa et
al. 1982, Barbosa and Saunders 1984).
Ditrophic interactions (plant-disease) have illustrated
the detrimental effects of allelochemicals on plant pathogens.
The presence of the phenolics catechol and protocatechuic acid
in onion plants imparts resistance to the fungus Colletotrichum
circinans (Berk.) Voglino

(Walker and Stahmann 1955).

Higher

levels of phenolics found in the seed coat of pea varieties
made

them resistant to

causal

(Schneider 1952, Clauss 1961).

organisms

of root diseases

Potato varieties with a high

concentration were resistant to Phythopthora infestans

diphenol

(Mont.) de Bary (Sakai and Takemori 1964), and rice varieties
with

a

high

contents

of

phenolic

substances

were

more

resistant to rice blast, Pyricularia oryzae Cavara (Wakimoto and
Yoshii 1958).

Fungi attacked bark,

cork,

and heartwood of

larch if tannins were removed, implicating that tannins were
toxic to several pathogenic fungi (Cook and Taubenhaus 1911).
Whittaker (1969) demonstrated that the presence of tannin in
fruit was responsible for reducing the infection caused by the
brown rot

fungus,

Sclerotinia fructigena Aderhold.

Bell

(1972)

implicated tannins in the resistance of cotton, strawberries,
and apricots to
solanine,

Verticillium wilt.

chaconine,

and

The alkaloids a-tomatine,

solanidine,

commonly

found

in

solanaceous plants, inhibited the growth of the fungus Altemaria
solani Soraver

(Sinden et al.

1973) .

Also,

a-tomatine was

inhibitory to hyphal growth of Fusarium oxysporum Schlechtend.:
Fr.

f.

lycopersici (Sacc.)

sp.

Langcake 1973).

Snyder and Hans

(Drysdale and

Terpenes have antimicrobial

(Fawcett and

Spencer 1969, Stoessel 1970), antibacterial (Low et al. 1974,
Nagy and Tengerdy 1967), and fungicidal activity (Fries 1973,
Dabbah et al. 1970).

The nonprotein amino acid, canavanine,

inhibits the fungus Peronospora tabacina Adam

(Shepherd 1962),

some strains of Neurospora (Horowitz and Srb 1948) , and the
fungus Puccinea recondita Roberge (Samborski and Forsyth 1960) .
This evidence collectively indicates that allelochemicals
can

affect

pathogenic

interactions.

Duffey

microorganisms
and

Bloem

in

(1986)

ditrophic

discussed

the

ramifications of developing plants resistant to both insect
pests

and

plant

pathogens

and

cautioned

that

the

allelochemicals which impart the resistance may negate natural
epidemics and the use of microorganisms pathogenic to insects.
Thus, plant allelochemicals may be important in reducing the
effects of entomopathogens in key insect pests.
In
Beauveria

a

1977

bassiana

survey

of

the

naturally

(Bals.)

in

Kansas

occurring

(Ramoska

et

al.

fungus
1978),

typical white myceliated bugs were rarely found in sorghum
fields while they were common in wheat fields.

Ramoska and

Todd (1985) suggested that the presence of a plant-produced

fungal

inhibitor

protected

leucopterus leucopterus ( Say)

the

adult

chinch

bug,

Btissus

against the entomogenous fungus

bassiana when fed sorghum and corn.

B.

More importantly, fungal

presence and development in the cadavers of insects fed on
sorghum and corn was significantly reduced when compared to
the populations

fed on barley,

wheat,

artificial

diet or

water.
Hare and Andreadis (1983) found that when the Colorado
potato beetle,
Lycopersicon

Leptinotarsa decemlineata (Say) , was fed

esculetum Miller,

foliage,

infection by B. bassiana was reduced.

the

tomato,

susceptibility

to

They suggested that the

presence of a-tomatine in the tomato leaves was implicated in
the reduced susceptibility to B. bassiana.
Kuschner and Harvey (1962) found antibacterial substances
in foliage of trees (18 species), with the greatest amounts
being

found

in coniferous

species.

They

reported

that

strains of Bacillus thuringiensis Berliner and B. cereus Fr. and Fr.
were inhibited when exposed to those substances in vitro.

They

demonstrated that insect gut contents can derive inhibitory
activity from foliage containing antibacterial
When the spruce budworm,

substances.

Choristoneura jumiferana (Clemens), was

fed balsam fir buds and infected with B. cereus, no pathogenic
effects were observed.

Similar results were observed when the

larch sawfly, Pristiphora erichsonii (Hartig) , fed on larch (Kuschner
and Harvey 1962).

6

Smirnoff and Hutchinson (1965) showed that leaf extracts
of coniferous foliage containing monoterpenoid and diterpenoid
resins were the most inhibitory to B. thuringiensis among crude
plant extracts of 74 coniferous and deciduous plant species.
Later,

Maksymiuk

(1970)

demonstrated

that

antibacterial

substances from the crushed foliage of 22 species of plants
in

the

Pinaceae,

Taxaceae,

Fagaceae,

Salicaceae,

Hamamelidaceae and Leguminoseae inhibited the growth of B.
thuringiensis in vitro.

Recently, Feir et al.

(1985) demonstrated

that leaves and flowers of the milkweed,

Asclepias syriaca L.,

possessed antibacterial properties that inhibited the growth
of eight species of bacteria.
Luthy et al. (1982) suggested that cotton allelochemicals
interfere with the action of B. thuringiensis. Felton and Dahlman
(1984) demonstrated that when L-canavanine, a nonprotein amino
acid, when added to an artificial diet, the susceptibility of
M. sexta to commercial formulations of B. thuringiensis increased.
Several studies demonstrated that allelochemicals inhibit in
vitro growth of B. thuringiensis and B. cereus (Kuschner and Harvey
1962,

Smirnoff

Barbosa

(1988)

1967,

1972,

Maksymiuk

1970,

showed that the presence

of

Morris

1972).

0.01% dietary

nicotine enhanced mortality by B. thuringiensis on

Trichoplusia ni

(Hiibner) larvae.
Krischik et al. (1988) demonstrated that high levels of
the alkaloid nicotine, when incorporated into an artificial

diet,

increased

survivorship

M.

of

sexta,

but

high

concentrations of the flavonoid rutin did not increase larval
survivorship.

They demonstrated that nicotine reduced colony

growth of B. thuringiensis var. kurstaki Berliner in nutrient agar to
a greater extent than did rutin.

Barbosa (1988) reported that

the flavonoid rutin provided some protection for T. ni against
B. thuringiensis var. kurstaki at low concentrations but not at higher
concentrations (> 0.01% wet weight of diet [wwt] ).
et

al.

(1988)

suggested

that

plant

Krischik

allelochemicals

are

important factors in reducing larval mortality caused by B.
thuringiensis on certain crops.
There remains a paucity of research on the interactions
of allelochemicals and entomopathogens, and, apparently, there
have been no studies of the effects of such compounds on
entomopathogenic fungi at the third trophic level.

To examine

the system just described, the following model was developed:
the entomopathogenic fungus,

Nomuraea rileyi (Farlow)

Samson,

acting on the soybean looper, Pseudoplusia includens (Walker) , or
the tomato fruitworm, Heliothis zea (Boddie) , larvae that were
fed on artificial diet modified with the allelochemical atomatine.

No studies are reported in the literature that

examine the effects of a-tomatine, beyond the second trophic
level, on an entomogenous fungus.
a-Tomatine,
glycoalkaloid

a

that

secondary plant
is

found

in

all

product,
parts

is a
of

steroid

Solanum

and

8

Lycopersicon plants

except

in

dormant

(Roddick 1974, Schlosser 1975).
to

a

wide

range

of

living

seeds

and

red

fruits

The allelochemical is toxic
organisms,

including

Antagonistic effects of a-tomatine on parasitoids

fungi.
is well

documented (Thurston and Fox 1972, Campbell and Duffey 1979,
Barbosa et al. 1982, Barbosa and Saunders 1984).

Also, at the

second trophic level (plant-disease or plant-insect), it has
detrimental effects (Arnerson and Durbin 1968, Defago and Kern
1983, Duffey et al. 1986).

a-Tomatine is toxic to many fungi

in vitro (Defago and Kern 1983, Costa and Gaugler 1989).

There

is some evidence that toxicity is due to surfactant effects
and destabilization on cell membranes resulting primarily from
the

complex

sterols.

formation

between the

glycoside

and membrane

Also, a-tomatine was shown to cause leakage from

impairment of fungal hyphae, higher plant cells,

and plant

cell organelles that contain little or no cholesterol (Roddick
1979).
Nomuraea rileyi attacks a variety of lepidopterous pests
(Ignoffo et al. 1976, Ignoffo 1981, Mohamed 1982, Fuxa 1984).
Infection of host tissues causes larvae to become sluggish,
cease

feeding,

and to

die.

The mycelia

within

cadavers

propagate the pathogen by producing conidiophores and conidia
(Mohammed et al.

1978,

Ignoffo

1981).

Studies have been

conducted in order to understand the development of epizootics
in N. rileyi (Ignoffo et al. 1976, Ignoffo 1978, 1981, Fuxa 1984,
Ignoffo and Garcia 1985), but apparently no studies have been

conducted that explain the effect of plant allelochemicals on
disease expression by entomopathogens.
The soybean looper has been recorded attacking a wide
range of agricultural crops and non-cultivated plants (Herzog
1980)

Glycine max L.

and is a common defoliator of soybean,

(Merr.)

in

much

of

North,

(Turnipseed and Kogan 1976) .
looper

contains

members

Solanaceae (Herzog 1980) .

of

Central

and

South

America

The host list of the soybean
28

plant

families,

including

In that family, the tomato is listed

as a host for the soybean looper.
The tomato fruitworm is considered a serious pest of many
agricultural crops from Canada to Argentina (Stinner et al.
1980).

It attacks mainly tomatoes, cotton, soybean, sorghum,

and corn, as well as other crops.

The fact that the host

plant list of this insect pest is very broad (Quaintance and
Brues

1905,

Barber

1937,

Neunzig

1963,

1969,

Graham

and

Robertson 1970, Roach 1975) indicates that it is a generalist
insect-herbivore.

Although some antibiotic factors against

the tomato fruitworm have been identified in some lines of
tomato plants (Fery and Cuthbert 1975), this pest is commonly
found utilizing tomato leaves and fruits (Lange and Bronson
1981).

Duffey et al.

(1986)

demonstrated that a-tomatine

served as a growth reducing antibiotic for tomato fruitworm
larvae.
Barbosa
nicotine

and

(1988)
rutin

concluded that the two allelochemicals
mediate

pathogenicity

of

B. thuringiensis

10

differently,

and

pathogenicity

of

the

influence

B. thuringiensis

generalist insect-herbivores.

of

nicotine

differs

in

on

the

specialist

and

Specialist herbivores which

tolerate high allelochemical concentrations gain protection
from

entomopathogens

by

feeding

on

plants

producing

allelochemicals, and have an adaptative advantage compared to
generalist

herbivores

that

cannot

tolerate

such

high

allelochemical concentrations (Krischik et al. 1988) .
However, several questions remain.

What is the response

to entomopathogen infection by generalist insect-herbivores
that

tolerate

low concentrations

of

allelochemicals?

Do

generalists receive protection from the entomopathogen in the
same

manner

protection

as

specialists?

independently

Do

allelochemicals

of the herbivore's

provide

fitness?

To

understand these questions, a generalist insect-herbivore that
tolerates allelochemical concentrations was examined.
The research presented herein addresses these questions
as well

as how the allelochemical

a-tomatine

affects the

development of the disease caused by the entomogenous fungus
N. rileyi on the soybean looper and the tomato fruitworm.

The

following

the

hypotheses

allelochemical
Synergistic

concerning

(a-tomatine)

effect

-

the

the

interaction

of

and N. rileyi were formulated:
action

of

the

pathogen

+

a)
the

allelochemical will increase the effects of the pathogen on
the

insect,

b)

Antagonistic

effect

-

the

development,

infectivity, or virulence of the pathogen is inhibited by the

presence of the allelochemical, and c) Neutral effect - the
presence of the allelochemical does not exert any influence
on the development, infectivity or virulence of the pathogen
against the insect.

12

REFERENCES CITED

Adkisson, P.L. and

V.A. Dyck. 1980. Resistant varieties in

pest management systems, pp.233-251. In F.G. Maxwell and
P.R.

Jennings

[eds.],

Breeding

Plants

Resistant

to

Insects. Wiley, New York.

Arneson, P.A. and R.D. Durbin. 1968. Studies on the mode of
tomatine as a fungitoxic agent. Plant Physiol. 43: 683686.

Barber, G.W. 1937. Seasonal availability of food plants of two
species of Heliothis in eastern Georgia. J. Econ. Entomol.
30: 150-158.

Barbosa,

P.

1988.

Natural

enemies

and

herbivore-plant

interactions: Influence of plant allelochemicals and host
specif ity,

pp.

201-229.

In

P.

Barbosa

and

D.K.

Letourneau [eds.], Novel Aspects of Insect-Plant Interac
tions. Wiley, New York.

Barbosa, P. and J.A. Saunders. 1984. Plant allelochemicals:
Lineage between herbivores and their natural enemies.
Phytochem. Soc. N. Amer. Newsletter 24: 23 (Abstract).

13

Barbosa,

P.,

J.A.

mediated

Saunders

variation

parasitoid

fitness.

and M.

in
Proc

Waldvogel.

herbivore

1982.

Plant

suitability

5th Int.

Symp.

and

Plant-Insect

Relationships. Wageningen, pp. 63-71.

Bell, A.A. 1972. Nature of disease resistance, pp. 34-37. In
Verticillium Wilt of Cotton.

USDA,

Agric.

Res.

Serv.

Wash. DC.

Bergman, J.M. and

W.W. Tingey. 1979. Aspects of interaction

between plant genotypes and biological control.

Bull.

Entomol. Soc. Am. 25: 275-279.

Campbell, B.C. and S.S. Duffey. 1979. Tomatine and parasitic
wasps, potential incompatibility of plant antibiosis with
biological control. Science 205: 700-702.

Clauss,

E.

1961.

Die

phenolischen

Inhaltstoffe

der

Samenschalfen von Pisum sativum L. und ihre Bedeutung fur
die

Resistenz

gegen

die

Erreger

der

Fusskrankheit.

Naturwissenschaften 48: 106.

Cook,

M.T.

and

J.J.

Taubenhaus.

1911.

The

relation

of

parasitic fungi to the contents of the cells of the host
plants. I. The toxicity of tannins. Delaware Coll. Agric.
Exp. Sta. Bull. No. 91. 77 pp.

14

1989. Sensitivity of Beauveria

Costa, S.D. and R.R. Gaugler.
bassiana

to

solanine

and

tomatine:

plant

defensive

chemicals inhibit an insect pathogen. J. Chem. Ecol. 15:
697-707.

Dabbah, R. , V.M. Edwards and

W.A. Moats. 1970. Antibacterial

action of some fruit oils on selected foodborne bacteria.
Appl. Microbiol. 19: 27-31.

Defago,

G.

and H.

Kern.

1983.

Induction

of

Fusarium solani

mutants insensitive to tomatine, their pathogenicity and
aggressiveness

to

tomato

fruits

and

pea

plants.

Physiological Plant Pathol. 22: 29-37.

Drysdale, R.B. and

P. Langcake. 1973. Response of tomato to

infection by Fusarium oxysporum f. lycopersici
R.J.W.

Bryde

and

C.V.

Cutting

pp. 423-32. In
[eds.],

Fungal

Pathogenicity and the Plant's Response. Academic Press,
New York.

Duffey, S.S. and

K.A. Bloem. 1986. Plant defense-herbivore-

parasite interactions and biological control, pp. 135170. In M. Kogan [ed.], Ecological Theory and Integrated
Pest Management. Wiley, New York.

15

Duffey,

S. S.,

K. A.

Bloem

and

B.C.

Campbell.

1986.

Consequences of sequestration of plant natural products
in plant-insect-parasitoid interactions, pp.
D.J. Boethel and

31-61. In

R.D. Eikenbary [eds.], Interactions

of Plant Resistance and Parasitoids and Predators of
Insects.

Ellis Horwood Limited, England.

Edwards, J.P. and S.D. Wratten. 1980. Ecology of insect-plant
interactions,

pp.

1-60.

Edwards

Arnold

(Publishers),

London, G .B .

Fawcett,

C.H.

and

D.M.

Spencer.

1969.

Natural antifungal

compounds, 2: 637-69. In D.C. Torgeson [ed.], Fungicides.

Feir,

D.,

F.B.

El-Moshaty

and

V.

Spaziano.

1985.

Antibacterial action of extracts of the common milkweed
plant, Asclepias syriaca L. Comp. Physiol. Ecol. 10: 197-200.

Felton, G.W. and

D.L. Dahlman. 1984. Allelochemical induced

stress: effects of L-canavanine on the pathogenicity of
Bacillus thuringiensis in Manduca sexta. J. Invertebr. Pathol. 44:
187-191.

Fery,

R.L.

and

F.P.

Jr.

Cuthbert.

Lycopersicon to the tomato fruitworm
Soc. Hortic. Sci. 100: 276-278.

1975.

Antibiosis

in

(Heliothis zea). J. Am.

16

Fries, N. 1973. Effects of volatile organic compounds on the
growth and development of fungi. Trans. Br. Mycol. Soc.
60: 1-21.

Fuxa, J.R.

1984. Dispersion and spread of entomopathogenic

fungus Nomuraea rileyi in a soybean field. Environ. Entomol.
13: 252-258.

Graham,

H.M.

and

O.T.

Robertson.

1970.

Host

plants

of

Heliothis virescens and H. zea (Lepidoptera: Noctuidae) in the
Lower Rio Grande Valley, Texas. Ann. Entomol. Soc. Am.
63: 1261-1265.

Gilmore,

J.V.

1938. Notes on

Apanteles congregatus (Say)

as a

parasite of tobacco hornworms. J. Econ. Entomol. 31: 712715.

Harbone, J.B. 1982. Introduction to ecological biochemistry.
Academic Press, New York. 278 pp.

Hare,

J.D.

and

T.G.

susceptibility

Andreadis.

of

Leptinotarsa

1983.

Variation

decemlineata

in

the

(Coleoptera:

Chrysomelidae) when reared on different host plants to
the fungal pathogen,

Beauveria bassiana in the field and

laboratory. Environ. Entomol. 12: 1892-1897.

17

Hedin, P.A., A.C. Thompson and

R.C. Gueldner. 1976. Cotton

plant and insect constituents that control boll weevil
behavior and development, pp. 271-350. In J.W. Wallace
and R.L. Monsell [eds.], Biochemical Interaction Between
Plants and Insects. Plenum, New York.

Herzog, D.C.
140-68.

1980. Sampling soybean looper on soybean, pp.
In M. Kogan and

D.C. Herzog

[eds.], Sampling

Methods in Soybean Entomology. Springer-Verlag, New York.

Horowitz,

N.H.

and A.M.

Srb.

1948.

Growth

inhibition

of

Neurospora by canavanine and its reversal. J. Biol. Chem.
174: 271-378.

Ignoffo,

C.M.

1978.

Strategies

to

increase

the

use

of

entomopathogens. J. Invertebr. Pathol. 31: 1-3.

Ignoffo,

C.M.

1981. The fungus Nomuraea rileyi as a microbial

insecticide,

p.

513.

In H.D.

Burges

[ed.],

Microbial

Control of Pests and Plant Diseases 1970-80. Academic
Press, London.

Ignoffo, C.M. and C. Garcia. 1985. Host spectrum and relative
virulence of an Ecuadoran and Mississippian biotype of
Nomuraea rileyi. J. Invertebr. Pathol. 45: 346-352.

18

Ignoffo, C.M., N.L. Marston, D.L. Hostetter and B. Puttier.
1976. Natural and induced epizootics of Nomuraea rileyi in
soybean caterpillars. J. Invertebr. Pathol. 27: 191-198.

Kogan, M. 1975. Plant resistance in Pest-Management, pp. 93134.

In

R.L.

Introduction

Metcalf

to

and

W.H.

InsectPest

Luckman

[eds.],

Management.

Wiley

Interscience, New York, N.Y.

Krischik,
Three

V.A., P.

Barbosa and

trophic

Manduca sexta

level

C.F. Reichelderfer.

interactions:

allelochemicals,

Bacillus thuringiensis var.

(L.) , and

1988.

kurstaki

Berliner. Environ. Entomol. 17: 476-482.

Kuschner,

D.J.

substances

and
in

G.T.

leaves:

Harvey.

1962.

their possible

Antibacterial
role

in

insect

resistance to diseases. J. Insect Pathol. 4: 155-184.

Lange, W.H. and L. Bronson. 1981. Insect pests of tomatoes.
Annu. Rev. Entomol. 26: 345-371.

Low, D., B.D. Rawal and

W.J. Griffin.

1974. Antibacterial

action of the essential oilsof some Australian Myrtaceae
with

special

chromatographic

references
fractions

PIanta Med. 26: 184-89.

of

to the
oil

of

activity

of

Eucalyptus citriodora.

19

Liithy,

P.,

J.L.

thuringiensis

Cordier
as

a

and

H.M.

bacterial

Fischer.

1982.

insecticide:

Bacillus
basic

considerations and applications, pp. 35-74. In E. Kurstak
[ed.], Microbial and Viral Pesticides. Marcel Dekker, New
York.

Maksymiuk,

B.

1970.

Occurrence

in nature of antibacterial

substances in plants affecting Bacillus thuringiensis and other
enterobacteria. J. Invertebr. Pathol. 15: 365-371.

Mohamed, A.K.A. 1982. Pathogenecity of Nomuraea rileyi and its
effects on food consumption and utilization by Heliothis
virescens larvae. J. Ga. Entomol. Soc. 17: 377-388.

Mohamed,

A.K.A.,

P.P.

Sikkorowski

and

J.V.

Bell.

1978.

Histopathology of Nomuraea rileyi in larvae of Heliothis zea and
in vitro enzymatic activity. J. Invertebr. Pathol. 31: 345352.

Morgan, A.C. 1910. Observations recorded at the 23rd regular
meeting of the Entomological Society of Washington. Proc.
Entomol. Soc. Wash. 12: 72.

Morris, O.N. 1972. Inhibitory effects of foliage extracts of
some forest trees on commercial Bacillus thuringiensis. Can.

20

Entomol. 104: 1357-1361.

Nagy, J.G. and

R.P. Tengerdy. 1967. Antibacterial action of

essential oils of Artemisia as an ecological factor.
Antibacterial
tridentata

and

oils of Artemisia

action of the volatile
A.

nova

against

I.

aerobic

bacteria.

Appl.

Microbiol. 15: 819-21.

Neunzig, H.H. 1963. Wild host plants of the corn earworm and
the tobacco budworm in eastern North Carolina. J. Econ.
Entomol. 56: 135-139.

Neunzig, H.H. 1969. The biology of the tobacco budworm and the
corn earworm in North Carolina with particular reference
to tobacco as a host. N. C. Agric. Exp. Sta. Tech. Bull.
196 : 76 p.

Norris,

D.M.

and

M.

Kogan.

1980.

morphological bases of resistance,
Maxwell

and

P.R.

Jennings

Biochemical
pp.

[eds.],

and

In F.G.

23-67.
Breeding

Plants

Resistant to Insects. Wiley, New York.

Orr, D.B. and

D.J. Boethel. 1985. Comparative development of

Copidosoma truncatellum
host,

Pseudoplusia

resistant and

(Hymenoptera:

includens

Encyrtidae)

(Lepidoptera:

and

its

Noctuidae)

on

susceptible soybean genotypes.

Environ.

21

Entomol. 14: 612-616.

Orr,

D.B.

and

D.J.

Boethel.

1986.

Influence

antibiosis through four trophic levels.

of

plant

Oecologia 70:

242-249.

Orr,

D.B.,

D.J. Boethel and

W.A. Jones.

1985.

Biology of

Telenomus chloropus (Hymenoptera: Scelionidae) from eggs of
Nezara viridula (Hemiptera: Pentatomidae) reared on resistant
and susceptible

soybean genotypes. Can. Entomol. 117:

1137-1142.

Powell, J.E. and

L. Lambert. 1984. Effects of three resistant

soybean genotypes on development of Microplitis croceipes and
leaf consumption by its Heliothis spp. hosts.

J. Agric.

Entomol. 1: 169-176.

Quaintance, A.L. and C.T. Brues. 1905. The cotton bollworm.
USDA Div. Entomol. Bull. 50: 155 p.

Ramoska,

W.A., D.

Cress

and

K.O.

Bell.

1978.

Naturally

occurring epizootic in insects in Kansas. In Proceedings
of the 54th Annual Kansas Entomological Society meeting.
Kansas Entomological Society, Manhattan, Kansas.

22

Ramoska,

W.A.and

viability

T. Todd. 1985. Variation in efficacy and
Beauveria

of

bassiana

in

the chinch

bug

(Hemiptera: Lygaeidae) as a result of feeding activity
on selected host plants. Environ. Entomol. 14: 146-148.

Roach,

S.H.

Heliothis

1975.

spp.

: Larvae

and

associated

parasites and diseases on wild host plant in the Pee Dee
area of South Carolina. Environ. Entomol. 4: 725-728.

Roddick,

J.G. 1974.The

steroidal

glycoalkaloid tomatine.

Phytochem. 13: 9-25.

Roddick,

J.G. 1979.

steroidal

Complex

glycoalkaloids

formation between solanaceous
and

free

sterols

in vitro.

Relation

between

Phytochem. 18: 1467-1470.

Sakai,

R.

and

K.

Takemori.

1964.

physiological factors related to phenols and varietal
resistance of potato to late blight. II. Experiments with
potato tubers. Annu. Phytopathol. Soc. Jpn. 29: 120-127.

Samborski, D.J. and

F.R. Forsyth. 1960. Inhibition of rust

development on detached wheat

leaves by metabolites,

antimetabolites and enzyme poisons. Can. J. Bot. 38: 467476.

23

Schlosser, E. 1975. Role of saponins in antifungal resistance.
III. Tomatine dependent development of fruit rot organism
of tomato fruits. Zeitschrift fur Pflanzenkrankheiten und
Pflanzenschutz. 82: 476-484.

Schneider,

A.

1952.

Uber

das

Vorkommen

Kondensat ions-produkte

gerstoffartiger
Pisum

von

arvense.

Naturwissenschaften 39: 452-453.

Shepherd,

C.J.

1962.

Germination

of

conidia

of Peronospora

tabacina Adam. I. Germination in vitro. Aust. J. Biol. Sci.
15: 483-508.

Sinden, S.L., R.W. Goth and

M.J. O'Brien.

1973. Effect of

potato alkaloids on the growth of Altemaria solani and their
possible

role

as

resistance

factors

in

potatoes.

Phytopathol. 63: 303-307.

Smirnoff,

W.A.

1967. Effet des substances volatiles emises

par le feullage des plantes sur la survivance de varietes
du groupe Bacillus cereus. Phytoprotection 48: 119-127.

Smirnoff, W.A. 1972. Effects of volatile substances released
by the foliage of Abies balsamea. J. Invertebr. Pathol. 19:
32-35.

24

Smirnoff, W.A. and

P.M. Hutchinson. 1965. Bacteriostatic and

bacteriocidal effects of extracts of foliage from various
plant species on Bacillus thuringiensis var. thuringiensis Berliner.
J. Invertebr. Pathol. 7: 273-280.

Stinner, R.E., J.R. Bradley and J.W. Van Duyn. 1980. Sampling
Heliothis spp. on soybean, pp. 407-421. In M. Kogan and D.C.
Herzog [eds.], Sampling Methods in Soybean Entomology.
Springer-Verlag, New York.

Stoessel, A.
plants,

1970. Antifungal compounds produced by higher
Vol.

Runeckles

3, pp.

[eds.],

143-80.

Recent

In C. Steelink and

Advances

in

V.C.

Phytochemistry.

Appleton-Century-Crofts, New York.

Stumpf, P.K. and

E.E. Conn. 1981. The biochemistry of plants.

A comprehensive treatise. Vol. 7, pp. 1-798. Secondary
plant products. Academic Press, New York.

Thurston, R. and P.M. Fox. 1972. Inhibition by nicotine of
emergence of Apanteles congregatus from its host, the tobacco
hornworm. Annu. Entomol. Soc. Am. 65: 547-550.

Turnipseed,

S.G.

and

M. Kogan.

1976.

Annu. Rev. Entomol. 21: 247-82.

Soybean entomology.

25

Wakimoto,

S.

and

polyphenols
fungi.

H.

Yoshii.

contained

in

1958.

plants

Relation

and

between

phytopathogenic

I. Polyphenols contained in rice plants. Annu.

Phytopathol. Soc. Jpn. 23: 79-84.

Walker,

J.C.

and

M.A.

Stahmann.

1955.

Chemical nature of

disease resistance in plants. Annu. Rev. Plant Physiol.
6: 351-66.

Whittaker,

R.H.

1969.

Evolution

of

diversity

in

plant

communities. Brookhaven Symp. Quant. Biol. 22: 178-196.

Yanes, J. Jr. and

D.J. Boethel. 1983. Effect of a resistant

soybean genotype on the development of the soybean looper
(Lepidoptera: Noctuidae) and an introduced parasitoid,
Microplitis

demolitor Wilkinson

(Hymenoptera:

Environ. Entomol. 12: 1270-1274.

Braconidae) .

CHAPTER I

Susceptibility of Heliothis zea (Boddie) larvae
to Nomuraea rileyi (Farlow) Samson: Effects of
a-tomatine at the third trophic level.

This chapter is written in the style of the
Journal o f Chemical Ecology
and has been accepted for publication
in this journal.
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ABSTRACT

To

determine

the

impact

of

a-tomatine

at

the

third

trophic level, the following model was developed: Nomuraea rileyi
(Farlow) Samson, the secondary consumer, acting on Heliothis zea
(Boddie), the primary consumer,
diet modified with a-tomatine.

that was fed an artificial
In vitro, the allelochemical

inhibited colony formation and growth of the fungus.

The in

vivo test revealed that larval growth and developmental time
were affected by a-tomatine and N. rileyi.
on

pupal

development

were

observed

Detrimental effects
in

larvae

fed

diet

containing a-tomatine and also treated with N. rileyi (LCgo) . The
fungus was detected in the hemolymph and tissue of larvae
treated with two lethal concentrations
rileyi, including those fed a-tomatine.

(LC50 and LCgo) of N.

At the LC50, a-tomatine

protected larvae against N. rileyi and increased survivorship; at
the

LCg0, it

inhibited the development

reducing production of conidia.

of

N.

rileyi, thereby

Thus, the alellochemical, a-

tomatine, retains its antifungal qualities beyond the second
trophic level, inhibiting the development of N. rileyi in H. zea.
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INTRODUCTION

a-Tomatine,

a secondary plant

product,

is

a

steroid

glycoalkaloid that is found in large quantities in all parts
of Solanum and Lycopersicon plants except in dormant seeds and in
ripe tomato fruits

(Roddick,

alkaloid

to

is

toxic

including fungi

a

1974;

wide

(Defago and

Schlosser,

range
Kern,

of

1975).

living

1983).

The

organisms,

a-Tomatine has

detrimental effects at the second trophic level (plant-disease
or plant-insect) (Arneson and

Durbin, 1968; Defago and

Kern,

1983; Duffey et al., 1986) as well as on parasitoids (third
trophic level) (Thurston and

Fox, 1972; Campbell and

1981; Barbosa et al., 1982; Barbosa and
The allelochemical, a-tomatine,
in vitro (Defago and

Duffey,

Saunders, 1984).

is toxic to many fungi

Kern, 1983; Costa and

Gaugler, 1989).

There is some evidence that toxicity is due to surfactant
effects

on

cell

membranes

resulting

primarily

from

glycoside

and membrane

and

membrane

complex

sterols.

destabilization

formation
Also,

between

a-tomatine

the

causes

leakage from and/or impairment of fungal hyphae, higher plant
cells,

and plant cell organelles that contain little or no

cholesterol (Roddick, 1979).
Hare and Andreadis (1983) found that when the Colorado
potato beetle,

Leptinotarsa decemlineata

Lycopersicon esculentum Miller,

foliage,

(Say) , was
the

fed tomato,

susceptibility to

infection by the fungus, Beauveria bassiana (Balsamo) Vuillemin,
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was

decreased.

implicated

in

They
the

suggested

reduced

that

the

a-tomatine

susceptibility

to

B.

was

bassiana

infection.
Apparently,

there

have

been

no

studies

reported

to

determine the direct effects of a-tomatine beyond the second
trophic level, with an entomopathogenic fungi as secondary
consumer (third trophic level). To examine such a system, the
following model was used: Nomuraea rileyi (Farlow) Samson, the
secondary consumer,

acting on the corn earworm,

Heliothis zea

(Boddie), the primary consumer, which was fed an artificial
diet modified with a secondary plant compound (a-tomatine).

MATERIALS AND METHODS

Heliothis zea larvae were reared on diet developed by Burton
(1969).

Burton's diet was modified with a-tomatine (United

States Biochemicals Corp, Cleveland, Ohio) .

Nomuraea rileyi was

originally isolated from the soybean looper, Pseudoplusia includens
(Walker), larvae collected in 1988 from soybean fields near
Nomuraea rileyi cultures were grown on

St. Gabriel, Louisiana.

Saboraud maltose agar + 2% yeast extract (SMA+Y) at 23.8 °C,
80% RH,

and

14:10 h

light:dark photoperiod.

concentrations

(LC50 =

conidia/mm2) of

conidia,
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conidia/mm2 and

determined

from

Two

lethal

LCgg =

preliminary

103
data

(unpublished), were used for conducting the in vivo test.
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In vitro test:
Conidia from the cultures were suspended in 0.008% Triton
X-100

(Rohm

and

Haas

distilled water.
spores/ml,
chamber.

as

Co.,

Philadelphia,

PA)

in

Conidia were concentrated to

determined with a

sterile

8.5 x

107

Petroff-Hausser0 counting

The a-tomatine was diluted to test concentrations

(Table 1) in sterile distilled water.

Test concentrations

utilized were within the range for a-tomatine levels found in
tomato plants (Duffey et al., 1986; Roddick, 1974).
The SMA+Y medium was poured into 100 by 15 cm sterile
disposable plastic petri plates and allowed to solidify and
Then 0.2 ml of the stock N. rileyi suspension was added to

cool.

the center of each plate.

Each plate was rotated to spread

the suspension across the plate.

After one hour, one sterile,

6 mm-diameter, filter paper disc (Whatman 1) was dipped in a
treatment and placed in the center of the plate.

Two controls

were used: a positive control, in which the disc was dipped
in the fungicide, mancozeb (Dithane F45, Rohm and Haas, Co.,
Philadelphia,
control,
water.

PA)

at its recommended rate;

and a negative

in which the disc was dipped in sterile distilled
The plates were held at 23.8 °C, 80% RH and 14:10 L:D

photoperiod for 5 days.
Each treatment (concentration of the a-tomatine) and the
controls were replicated seven times.
of

inhibited

fungal

treatment.

Data

(ANOVA)

Duncan's

and

Diameters of the zones

growth were measured

were

subjected

Multiple

to

Range

on day

analysis
test

(SAS

5 post

of variance
Institute,
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1985).

In vivo test:
a-Tomatine was added at the time of the diet preparation
at 0.9 micromoles per gram of wet weight (jum/g wwt) of diet.
Duffey et al.

(1986)

demonstrated that this dosage of a-

tomatine caused 50% reduction in H. zea larval growth (ED50)
when compared with a control.
The following treatments were established: a-tomatine +
N. rileyi LC50 (a-t+N50) , a-tomatine + N. rileyi LCgo (a-t+N90) , atomatine (a-t) , Control + N. rileyi LC50 (C+N50) , Control + N. rileyi
LCgo (C+N90) , and Control (C) .
Two batches of diet were prepared.

The first batch was

modified with a-tomatine,

while the second batch was

not

(Control) . One neonate of

H. zea was placed in each diet cup

(29.6 - ml) and reared in an environmental chamber at 27 °C
and 14:10 LD photoperiod.

Each batch of insects was divided

into three groups

(100 diet cups each) .

Two of the groups

were treated with

N. rileyi conidia, and the other remained as

a group control.
The two lethal concentrations (LC50 = 30 conidia/mm2 and
LC90= 103 conidia/mm2) of conidia were spread over SMA+Y plates
and allowed to dry for 1 hour (Boucias et al., 1984).
second instar larvae of H. zea were

Ten

introduced per plate.

Plates were placed in an environmental chamber at 25 °C, LD
14:10 photoperiod.

After 24 hours, the larvae were returned
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to diet cups with or without a-tomatine,
treatment.

depending on the

Larvae in the control were handled in the same

manner but were not exposed to the entomopathogen.
Treatments

were

arranged

in

a

completely

randomized

design (CRD) and placed in an environmental chamber at 25°C,
the

optimal

temperature

for

the

development

(Gardner, 1985), and at LD 14:10 photoperiod.

of

N.

rileyi

High humidity

(> 80%) was maintained inside each cup by placing a few drops
of water twice a day in the cup cap during the first two days
post

infection.

This

procedure

was

employed

because

penetration of the cuticle of the larvae by the N. rileyi germ
tube is enhanced by high humidity and occurs within two days
of topical treatment (Mohamed et al., 1978).
At four days after exposure to the fungal conidia,

10

larvae from each treatment were selected at random, dissected,
and checked for fungal hyphal bodies under phase microscopy.
This was done to determine if
a-tomatine permitted early fungal development but inhibited
later growth.
Larval weights at 10 days post-treatment (when larvae in
control reached 5th instar) and daily observations of symptoms
or signs of the disease were recorded.

Also, data on pupal

weight and larval development were recorded. Mortality was
recorded daily until pupation.

To confirm the cause of death,

cadavers were placed in petri dishes with moistened filter
paper

at

25

sporulation.

°C to

allow

for external

fungal

growth

and
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Tests for normality of the data were performed.

In cases

in which the data did not follow a normal distribution, a log
transformation was performed prior to statistical analysis.
Data

on

percent

transformations.
model

of

the

mortality

were

subjected

to

arc-sin

Data were analyzed by the general linear

statistical

analysis

system

(SAS

Institute,

1985), and Duncan's Multiple Range test was used to identify
significant differences (P < 0.05) among treatment means.

RESULTS AND DISCUSSION

In vitro test:
a-Tomatine at the higher concentrations (0.05 and 0.10%
wwt) inhibited growth of N. rileyi (Table 1) .
(diameters)
different
Five

days

fungicide,

of

zones

of

inhibition

(F=238.2; df=12,36;
after

treatment,

mancozeb)

were

P < 0.05)
the

The measurements

among treatments.

positive

gave the highest

significantly

control

(the

zone of inhibition,

followed by a-tomatine at 0.05 and 0.10% wwt (Table 1) . These
data showed the direct inhibition of N. rileyi by a-tomatine.
Similarly, Costa and Gaugler (1989) demonstrated in vitro the
inhibition
bassiana.

of

a-tomatine

against

the

entomopathogen

B.

Further studies would be necessary to understand the

mode of action of a-tomatine against N. rileyi.
In vivo test:
Both

the

allelochemical,

a-tomatine,

and

the
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entomopathogen, N. rileyi, had a detrimental effect on growth of
H. zea larvae (Table 2).

Significantly lower larval weights

(F=

P

15.55;

df=

5,141;

<

0.05)

were

observed

treatments when compared with the control.

in

all

No significant

differences in larval weights (P > 0.05) were found between
treatments in which the larvae were subjected to the LC50 or
LCg0 dosages of fungal conidia.

However, the combination of

a-tomatine and the LCgo dosage had a significantly ( P < 0.05)
greater

detrimental

effect

on

larval

weight

than

the

combination of a-tomatine and the LC50 dosage.
a-Tomatine significantly (P < 0.05) reduced larval growth
independently of the presence of

N. rileyi, resulting in a 58.5%

decrease in larval weight relative to the control (normal diet
devoid of a-t)

(Table 2).

Similar results were obtained by

Duffey et al.,

(1986) who found that a-tomatine served as a

growth reducing antibiotic for H. zea larvae.

The treatments

a-t+N50 and a-t+N90 caused 52.9 and 20.9% relative growth,
respectively,
demonstrated

whereas
54.6

the

and 27.1%

treatments

C+N50

relative growth,

and

C+N90

respectively

(Table 2).
Among larvae that pupated,
differences

there were no significant

(F= 2.46; df= 3, 32; P > 0.05) in pupal weight

(Table 2) . However, detrimental effects on pupal development
were observed when a-tomatine was combined with the LC90dosage
of N. rileyi conidia.
pupate.

Larvae in that treatment were unable to

Larval developmental time was increased by the effects
of a-tomatine and also by N. rileyi.

Significant differences (F=

40.24; df= 3, 107; P < 0.05) in larval developmental times
were observed in all treatments containing the allelochemical
when compared with treatments devoid of it.

Treatments a-

t+N50, a-t+N90, and a-t increased larval developmental time
by 1.96, 2.75, and 4.00 days, respectively, when compared with
treatments C+N50, C+N90, and C (Table 3).

The larvae exposed

to conidia of N. rileyi not showing symptoms of infection also
exhibited increased developmental times.
developmental times associated with

The increased larval

a-tomatine,

and, to a

lesser extent N. rileyi, gave the larvae more time to feed on the
diet and reach the critical body weight (Wigglesworth, 1972)
necessary to initiate pupation.

Undoubtedly,

this factor

explains the lack of differences among treatments in pupal
weights (Table 2).
Data on the effects of a-tomatine and N. rileyi on the
mortality of H. zea larvae are shown in Table 4.
(F=

15.91;

occurred

df=

5,

18;

in treatment

significant

difference

P <

0.05)

a-t+N50
(P =

than
0.06)

less

Significantly

mortality

in C+N50.
in

(60.4%)

Though no

mortality

occurred

between a-t+N90 and C+N90, mortality was 18.0% less in the
treatment containing a-tomatine.

No significant differences

(P > 0.05) in mortality were evident between the treatments
a-t+N50 and a-t or between a-t and the control.
indicate

that

the

allelochemical

reduces

the

These data
mortality
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associated with N. rileyi infection.
Dissections

of

larvae,

under

phase

microscopy,

from

treatments exposed to the entomopathogen revealed the presence
of

fungal

hyphal

bodies

in all

larvae examined.

Larval

cadavers from treatments a-t+N50, C+N50, o:-t+N90, and C+N90
sporulated as a result of N. rileyi infection

(Table 4) .

A

significant decrease (F=13.06; df= 5,18; P < 0.05) in percent
sporulation

due

to

N.

rileyi

infection

was

obtained

when

treatment a-t+N90 was compared with C+N90 and when a-t+N50 was
compared

with

C+N50,

with

95.3

and

68.3%

less

larvae

exhibiting N. rileyi sporulation, respectively, associated with
treatments that contained the allelochemical.

No significant

differences (P > 0.05) in percent sporulation were observed
between treatments a-t+N50 vs. a-t+N90 or C+N50 vs. C+N90.
Only 2.0% of the larvae in treatment a-t+N90 demonstrated
sporulation of N. rileyi, thereby confirming infection with the
entomopathogen

(Table

4) .

However,

most

of

the

larval

mortality that occurred in this treatment did so during the
first three days after inoculation, with none of the larvae
reaching the third instar.

These results indicate that the

high concentration (LC90) of conidia in combination with atomatine

increased the stress on the larvae,

accelerating

death without ample time for development of the fungus.
the

C+N90

treatment,

mortality

occurred

later

in

In
the

development of the larvae, and the fungus was able to develop
(42.5% sporulation).

These results indicate that the presence of a-tomatine
in

the

diet

H.

of

zea

larvae

was

able

to

inhibit

the

development of N. rileyi conidiophores and conidia, especially at
higher

doses

(LC90)

of

conidia.

At

allelochemical,

although

not

affecting

mortality,

decrease

the

percent

did

conidia (Table 4).

that
the

of

level,

total

larvae

the

percent

producing

This condition could hamper an epizootic

of the disease under field conditions because of decreased
inoculum.

At the LC50 dosage, a-tomatine significantly (P <

0.05) decreased the mortality of H. zea larvae when compared
with the larvae that fed on diet devoid of the allelochemical
(Table 4).
the

Thus, at low levels of inoculum, a-tomatine has

potential

to protect

the

host

against

N.

rileyi.

This

condition is of adaptative advantage for insect-herbivores
that can feed on plants producing allelochemicals and then
gain protection from the entomopathogen.
These results closely parallel those found in studies on
Manduca sexta (L.)

(Krischik et al., 1988).

the allelochemical, nicotine,

Higher levels of

increased the survivorship of

M. sexta when fed diet with Bacillus thuringiensis var. kurstaki Berliner
(BT) . They suggested that plant allelochemicals are important
factors in reducing larval mortality caused by BT on certain
crops.

Also,

Ramoska

and

Todd

(1985)

suggested

that

the

presence of a plant-produced fungal inhibitor protected Blissus
leucopterus

(Say)

against

the

entomogenous

fungus

Beauveria
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bassiana (Bals.) when fed sorghum and corn.
Hare and Andreadis

(1983)

implied that a-tomatine in

tomato foliage was responsible for the reduced susceptibility
of the Colorado potato beetle to B. bassiana.

Our data clearly

demonstrated that a-tomatine inhibited development of another
entomogenous

N.

fungus,

rileyi,

thus

supporting

their

supposition.
In

summary,

we

conclude

that the

allelochemical,

a-

tomatine, retains its antifungal qualities beyond the second
trophic level, inhibiting the development of N. rileyi in H. zea.
Whether the effects are mediated directly upon the fungus or
indirectly via stress on the host remains to be determined.
Different

responses

concentrations.

were

obtained

at

the

two

conidia

At the LC50, a-tomatine has the potential to

protect against the fungus N. rileyi and increase survivorship of
the

larvae

and

at

the

LC90, it

is

able

to

inhibit

the

development of N. rileyi, thereby reducing production of conidia.
Therefore,

in addition to many other environmental factors

that affect the expression of an entomopathogen under field
conditions

(Carruthers

and

Soper,

1987),

allelochemical

effects through the trophic levels need to be considered, as
suggested by Duffey et al., (1986).
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Table 1 . In vitro effects of a-tomatine on the development
of Nomuraea rileyi.

Diameters (mm) of zones inhibited8

Treatments

negative control15

0

positive control0

45.4 ± 1.60

d
a

a-tomatine (% wwt)
0.001

0

d

0.005

0

d

0.010

0

d

0.050

18.9 ± 0.80

c

0.100

21.7 ± 1.32

b

a Means

±

SE

followed

significantly different

by

the

(P > 0.05,

same

letter

are

not

Duncan's Multiple Range

test [SAS Institute, 1985]).
b Sterile distilled water.
0 mancozeb (Dithane F 45, at recommended rate).
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Table 2.

Effects of a-tomatine and Nomuraea rileyi
on the growth of Heliothis zea.

Mean body weight (mg) b

Treatments3

10-d-old larvae

pupae

a-t+N50

175.6 ± 18.7 b

366.3 ± 1 2 . 4 a

C+N50

181.3 ± 20.5 b

358.3 ± 15.2 a

___ c

a-t+N90

69.5 ± 33.3 c

---

C+N90

90.0 ± 55.3 b c

355.9 ± 16.8 a

a-t

137.8 ± 18.4

C

331.9 ± 19.5 a

b

C

369.9 ± 11.2 a
402.8 ± 11.8 a

3 a-t = a-tomatine, C = control, N50 = N. rileyi LC50, N90 = N. rileyi

LCgo*
b Means ± SE followed by the same letter within columns are
not significantly different (P > 0.05, Duncan's Multiple Range
test [SAS Institute, 1985]).
c No pupation occurred in this treatment.
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Table 3.

Effects of a-tomatine and Nomuraea rileyi
on the development of Heliothis zea.

Treatments3

Time to pupation (days)b

a-t+N50

18.7 ± 0.29 a

C+N50

16.7 ± 0.38 b

a-t+N90

19.0 ± 0.37 a

C+N90

16.2 ± 0.28 b

a-t

19.6 ± 0.25 a

C

15.6 ± 0.26 c

3 a-t = a-tomatine, C = control, N50 = N. rileyi LC50, N90 = N. rileyi
LCg0.
b Means ± SE followed by the same letter are not significantly
different

(P

>

0.05,

Institute, 1985]).

Duncan's

Multiple

Range

test

[SAS
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Table 4.

Effects of a-tomatine and Nomuraea rileyi
on the mortality of Heliothis zea.

Treatments3

% Mortality*5

% Sporulated0

a-t+N50

24.7 ± 6.1

C

11.2 ± 5.4 b

C+N50

62.5 ± 5.5 b

35.5 ± 5.5 a

70.0 ± 6.1 a b

2.0±6.0b

C+N90

87.5 ± 6.0 a

42.5 ± 6.0 a

a-t

8.0 ± 5.4

C

5.0 ± 6.0 d

a-t+N90

C

d

3 a-t = a-tomatine, C = control, N50 = N. rileyi LC50, N90 = N. rileyi
LCgo.
b Means ± SE followed by the same letter are not significantly
different
Institute,

(P

>

0.05,

1985]).

Duncan's
Data

were

Multiple
subjected

Range
to

test

the

transformation prioe to statistical analysis.
c Percent of cadavers that produced fungal conidia.

[SAS

arc-sin

CHAPTER II

Effects of the allelochemical, a-tomatine,
on the soybean looper, Pseudoplusia includens
(Walker) .

This chapter is written in the sytle of the
Journal of Entomological Science
and has been submitted for publication
in this journal.

47

48

ABSTRACT

To

determine

the

impact

of

the

allelochemical,

a-

tomatine, on the soybean looper, Pseudoplusia includens (Walker) ,
various concentrations

(0.001 to 0.10% wet weight of diet

[wwt]) were added to an artificial diet.
fed

on

the

diet

developmental

to

time,

determine

Neonate larvae were

effects

mortality,

on

and pupal

larval

weight,

weight.

Longer

development times were observed at the higher concentrations
(0.05 and 0.10% wwt).
was

significantly

concentrations.

Larval mortality at 0.10% a-tomatine

greater

(P <

- 2089.5

than

in

all

other

Larval weight was decreased by concentrations

of a-tomatine above 0.005% wwt.
217.8

0.05)

X,

r2 =

0.90)

A linear regression
described the

(Y =

relationship

between larval growth and a-tomatine concentrations.

The

effective dose to reduce larval weight by 50% was calculated
(ED50 =

0.048%

experiment.

wwt)

and

then

validated

in

a

subsequent

In that study, a significant reduction (P < 0.05)

in mean body weight of 10- and 12-day-old larvae was obtained
when

larvae were

tomatine.

fed diet containing the ED50 dose

of a-

Percent growth relative to controls ranged from

56.1 to 52.1% at 6 and 12 days, respectively.
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INTRODUCTION

The soybean looper (SBL) , Pseudoplusia includens (Walker) is
a common defoliating pest of soybean,

Glycine max L. (Merr.),

in much of North, Central, and South America (Turnipseed and
Kogan 1976) .
crops

and

The SBL attacks a wide range of agricultural

noncultivated

plants.

members of 28 plant families,
1980).

The

host

list

contains

including Solanaceae

(Herzog

In that family, the tomato (Lycopersicon esculentum Mill.)

is listed as a host for the SBL.

In a survey done by Canerday

and Arant

agricultural

(1967)

among

common

crops

in the

southern United States, 85% of SBL larvae collected were found
on soybeans while 0.4% were collected on tomato.
et al.

Also, Martin

(1976) demonstrated that under intercropping systems

that included several crops, the SBL preferred soybeans over
tomato.
The fact that the SBL is not commonly found on tomato
plants may be partly attributed to detrimental effects of
plant allelochemicals on larval growth and development.
such allelochemical, a-tomatine,

One

is a steroid glycoalkaloid

that is found in all parts of Solanum and Lycopersicon plants
except

in

dormant

seeds

and

red

fruits

(Roddick

1974;

Schlosser 1975) .
Previous studies

(Duffey et al. 1986;

Elliger et al.

1981) showed that a-tomatine inhibited the growth of Heliothis
zea

(Boddie)

and Spodoptera exigua (Hubner)

larvae.

Also,

a-
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tomatine is a feeding deterrent to the Colorado potato beetle,
Leptinotarsa decemlineata (Say), (Sinden et al. 1978) and a feeding
inhibitor of the potato leafhopper,

Empoasca fabae (Harris),

(Dahlman and Hibbs 1967).
Those studies suggest that a-tomatine is an important
component in the defense of tomato plants against certain
insect pests.

This led us to investigate the effects of a-

tomatine on the larval growth and development of the SBL.

MATERIALS AND METHODS

a-Tomatine was obtained from United States Biochemical
Corp.

(Cleveland,

Ohio)

and was incorporated into a pinto

bean-based diet (Burton 1969) at concentrations ranging from
0.001 to 0.10% wet weight of diet (wwt).

The a-tomatine was

added to the diet while the agar was blended with the nutrient
mix.

Diet was dispensed into individual 3 0-ml plastic cups

and allowed to cool to room temperature.

Neonate larvae of

the SBL obtained from laboratory-reared colonies (USDA-ARS,
Stoneville,

Mississippi)

were placed individually into the

cups and maintained at 27 ± 1 "C, 50 ± 10% RH and LD 14:10.
Ten
neonates
tomatine.

replicates
per

per concentration

replicate.

Control

were

diets

used

with

contained

no

ten
a-

Data on larval weight at 10 days after eclosion,

larval development time,
mortality were recorded.

pupal weight,

and larval percent
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Tests for normality of the data were performed.

In cases

where the data did not follow a normal distribution, the data
were subjected to log transformation prior to analysis.

Data

on percentages were subjected to arc-sin transformation for
performing the analysis.

If the ANOVA was significant, the

Duncan's Multiple Range test (SAS Institute 1985) was used to
discriminate

significant

(a

differences

=

0.05)

among

treatment means.
Larval weight at 10 days after egg hatch was subjected
to linear and non-linear regression analysis to determine the
best-fitting equation to describe the relationship between
larval weight and a-tomatine concentration.
dose

to decrease

larval

weight by

50%

The effective

(ED50) relative

to

controls was calculated from the regression equation.
A

second

validity

of

experiment
the

was

conducted

ED50 previously

to

determine
The

same

procedures used in the first experiment were followed.

Four

treatment

were

calculated.

the

replicates

per

used

replicate.

A control (devoid of a-tomatine) and the ED^dose

(0.048% wwt) treatment were included.

with

20

larvae

per

Data on larval weight

at 6, 8, 10 and 12 days after egg hatch, larval developmental
time

and

pupal

weight

were

recorded.

Body

weight

gain

expressed as percent relative growth (RG) (% Relative growth
= [a-Tomatine

weight/control weight]*100) was calculated for

the ED50 concentration.
Data were tested for normality and if the data did not
follow a normal distribution, transformations were performed
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as described earlier.

The repeated measures

analysis

of

variance of the general linear model (SAS Institute 1985) was
used to analyze the larval weight data.

Paired t-tests were

used to identify significant differences (a = 0.05) in larval
weights

between the

different days.

a-tomatine

and

control

treatment

for

Also, larval weights on different days were

subjected to linear regression analysis (SAS Institute 1985)
to compare the linear equations obtained for the a-tomatine
(ED50) and the control treatment.

Data on larval developmental

time, larval mortality, pupal weight and relative growth were
analyzed by the general linear model (SAS Institute 1985) , and
the

paired

t-test

was

used

to

discriminate

significant

differences (a = 0.05) among treatment means.

RESULTS AND DISCUSSION

Mean body weight of 10-day-old larvae fed diet containing
0.005% wwt or more of a-tomatine differed significantly (F=
106.31; df= 5, 462; P < 0.05)
(Table

1) .

from that of control larvae

In addition to effects

on larval

growth

and

development, a-tomatine at 0.10% wwt caused a significant (F
= 6.75; df= 5, 48; P < 0.05)
(Table 1).

increase in larval mortality

Larval developmental times in the 0.05 and 0.10%

wwt treatments were significantly (F= 29.91; df= 5, 244; P <
0.05)

increased when compared with the control

(Table 1).

Presumably, this increase in development time ( 2.1 and 4.1
day extension compared with the control in the 0.5 and 0.10%
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treatment,

respectively)

allowed

larvae

to

attain

higher

weight which resulted in pupal weights similar to that of the
control

(Table

1).

Also,

in

the

0.10%

treatment,

significantly higher (F= 8.49; df= 5, 54; P < 0.05) mortality
(48%)

of the larvae occurred between day 10 and pupation,

leaving only the healthy or larger larvae to pupate.

Pupal

weight obtained with 0.05% wwt of a-tomatine was significantly
different (F= 6.66; df= 5, 339; P < 0.05) from the control
(Table 1).
Mean larval weights in the a-tomatine treatments ranged
from

28.7

to

214.5

mg.

(Table

indicated a linear relationship

1).

Regression

(r2= 0.90)

weight and concentration of a-tomatine.

analyses

between

larval

The general linear

equation obtained was: Y = 217.8 - 2089.5 X, from which the
ED50 (0.048 % a-tomatine) was calculated (Fig. 1).
In

the

validation

experiment,

the

interaction

of

day*treatment was significant (F= 14.25; df= 2, 149; P < 0.05)
and the day effect in larval weight was highly significant (F=
198.66; df= 2, 149; P < 0.01), indicating that through time
the ED sq dose of a-tomatine was decreasing the larval weight
compared

with

the

equation obtained

control.

A

comparison

of

the

linear

for the a-tomatine ED50 and the control

treatment indicated that the ED50 dose decreased the growth
rate of the larvae approximately 50% (Fig. 2).

There was a

significant reduction (F= 33.19; df= 9,150; P < 0.05) in mean
body weight in 10- and 12-day-old larvae fed diet containing
a-tomatine when compared with larvae fed the control diet
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(Table 2).

Also, a significant increase (F= 28.40; df= 1, 6;

P < 0.05) in larval mortality was observed in the a-tomatine
(45%)

treatment when compared with the control

significant differences

(5%).

No

(P > 0.05) were observed in larval

weights between the treatment and control at 6 and 8 days
(Table 2).

Also, no significant (P > 0.05) differences were

obtained in larval developmental time and pupal weight between
the a-tomatine treatment and the control.

No significant

differences (P > 0.05) were in percent relative growth were
observed on the different evaluation days.

However, percent

RG in the a-tomatine treatment ranged from 56.1 to 52.1% at
6 and 12 days, respectively.
The ED50 of a-tomatine reduced the SBL larval weight by
approximately 50% compared to the control.

In addition, it

was demonstrated that a-tomatine, when added to artificial
diet

at

0.05

and

0.10%

(

0.5

and

1

jiimoles/g

wwt,

respectively), resulted in detrimental effects on the growth
and development of the SBL.

The average a-tomatine level in

tomato foliage is 1 /itmoles/g wwt, and it ranges from 0.5 to
10 /unoles/g wwt (Duffey et al. 1986) .

Thus, these results

suggest that under natural allelochemical concentrations, the
SBL is able to feed on tomato plants but further development
would be affected.

The latter may be one reason why the SBL

is not commonly found on tomatoes.
Antibiosis is often manifested in decreased body weight,
total weight gain, pupal weight, and larval survival with a
concomitant increase in developmental period

(Kogan 1975).
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With the exception of decreased pupal

weights,

conditions were observed during this bioassay.

all

these

Because a-

tomatine is an effective growth reducer in artificial diet at
levels commensurate with that in plants, its role as a defense
against the SBL warrants further investigation.

a-Tomatine

occurs in tomato plants along with other compounds that may
antagonize
Because

of

or synergize
the

latter,

its toxic properties
further

studies

are

to the SBL.
needed

to

understand the effects of other tomato plant allelochemicals
such as chlorogenic acid and rutin (Isman and Duffey 1982) on
the SBL.
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Table 1.

Effects of a-tomatine on the growth and development
o f Pseudoplusia includens.

Mean body weight (mg)b
-------------------------------a-tomatinea 10-d-old larvae

Larval
developmental

pupae

time (days)b

control

234.2 ± 5.4 a

221.7 + 3.1 b

12.6 + 0.2 c

0.001

214.5 ± 8.1 a b

225.0 + 2.9 b

12.9 + 0.2 c

0.005

192.7 ± 8.8 b

223.6 + 3.2 b

13.3 + 0.2 c

0.010

210.1 + 8.2 b

230.6 + 3.0 b

13.0 + 0.2 c

0.050

115.4 + 6.1 c

246.3 + 4.0 a

14.7 + 0.2 b

0.100

28.7 + 8.8 d

230.7 + 5.5 b

16.7 + 0.3 a

a Concentration % of wet weight of the diet.
b Means ± SE followed by the same letter within columns are
not significantly different (P > 0.05, Duncan's Multiple Range
test [SAS Institute, 1985]).
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Table 2.

Effects of a-tomatine E D^ dose on Pseudoplusia
includens larval weight at different days.

Mean weight (mg) 1

Larval
61^6

Relative

(days2)

a-Tomatine

Control

growth3

6

14.6 + 10.8 a

26.0 ± 10.8 a

0.56 a

8

37.3 + 11.4 a

67.2 ± 10.8 a

0.56 a

10

88.0 + 11.4 b

160.5 ± 10.8 a

0.55 a

12

103.2 ± 15.2 b

197.8 ± 18.2 a

0.52 a

Pupae 160.6 + 16.2 a

180.4 ± 10.5 a

1 Means ± SE within rows followed by the same letter are not
significantly

different

(P

>

0.05,

Paired

t-test

Institute, 1985]).
2 After egg hatch.
3 Larval
weight.

relative

growth

=

a-tomatine

weight/control

[SAS
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Figure

1.

Linear

regression

for

a-tomatine

concentration

effects on Pseudoplusia includem larval (10-day-old) weight.
Vertical lines represent ± SEM.
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Figure 2.

Linear regression for the effects of a-tomatine

(ED50) on Pseudoplusia includens larval weight at different
days after egg hatch.

Vertical lines represent ± SEM.

CHAPTER III

Effects of a-tomatine on the susceptibility
of soybean looper (Lepidoptera: Noctuidae)
larvae to the entomogenous fungus Nomuraea rileyi.

This chapter is written in the style of the
Journal of Economic Entomology
and has been submitted for publication
in this journal.
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ABSTRACT

Larvae

Pseudoplusia includens

of

(Walker)

were

fed

on

artificial diet modified with a-tomatine to determine the
impact

of

the

allelochemical

on

the

susceptibility

of

a

generalist insect-herbivore to the entomopathogen, Nomuraea
rileyi

(Farlow)

Samson.

Larval

growth

was

decreased

by

a-

tomatine. The fungus was detected in the hemolymph and tissue
of larvae treated with two concentrations (LC50 and LCgo) of N.
rileyi, including those fed a-tomatine. At the LCgo, a-tomatine
protected larvae against N. rileyi and increased survivorship; at
the LC50, it inhibited the production of conidia of N. rileyi.
Thus, a-tomatine retains its antifungal qualities beyond the
second

trophic

level,

demonstrating

that

a

generalist

herbivore that tolerates a-tomatine can be protected against
an entomogenous fungus.

INTRODUCTION

The effects of plant secondary products (allelochemicals)
upon entomopathogens, beyond the second trophic level, has
been suggested (Hare & Andreadis 1983; Ramoska & Todd 1985)
and demonstrated (Krischik et al. 1988; Gallardo et al. 1990).
Ramoska and Todd

(1985)

suggested that the presence of a

plant-produced fungal inhibitor protected Blissus leucopterus (Say)
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against

the

entomogenous

Beauveria

fungus

bassiana

(Balsamo)

Vuillemin, when fed sorghum and corn. When the Colorado potato
beetle,

Leptinotarsa

decemlineata

(Say) ,

was

fed

tomato,

Lycopersicon esculentum Miller, foliage, the susceptibility to B.
bassiana was decreased, implicating a-tomatine in the reduced
susceptibility (Hare & Andreadis 1983). Gallardo et al. (1990)
demonstrated that a-tomatine inhibited development of another
entomogenous

fungus,

Nomuraea rileyi (Farlow)

Samson,

in the

tomato fruitworm, Heliothis zea (Boddie) larvae. Krischik et al.
(1988) found that higher levels of the allelochemical nicotine
increased the survivorship of Manduca sexta (L.) when fed diet
with Bacillus thuringensis var. kurstaki Berliner (BT) . These studies
indicated that plant allelochemicals are important factors in
reducing insect mortality caused by entomopathogens.
Krischik

et

al.

(1988)

suggested

that

specialist

herbivores that tolerate high allelochemical concentrations
gain protection from entomopathogens by feeding on plants
producing allelochemicals, and have an adaptative advantage
compared with generalist herbivores that cannot tolerate such
high concentrations. However, several questions remain. What
is the response to entomopathogen infection by generalist
insect-herbivores

that

tolerate

low

concentrations

of

allelochemicals? Do such generalists receive protection from
the entomopathogen
allelochemicals

in the

provide

same manner as specialists?

protection

independently

of

Do
the
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herbivore's fitness?

To answer these questions, a generalist

insect-herbivore that tolerates allelochemical concentrations
was examined.
The soybean looper

(SBL) , Pseudoplusia includens (Walker) ,

attacks a wide range of agricultural crops and non-cultivated
plants (Herzog 1980) and is a common defoliator of soybean,
Glycine max L.

(Merr.)

America

(Turnipseed

soybean

looper

in much of North,
& Kogan

contains

Central and South

1976) . The host

members

of

28

list

plant

of

the

families,

including Solanaceae (Herzog 1980). In that family, the tomato
is listed as a host for the soybean looper.
Canerday and Arant

In a survey by

(1967), of common agricultural crops in

Southern United States, 85% of the SBL larvae were collected
on soybeans while less than

1% were collected on tomato.

Gallardo and Boethel (1990) suggested that a-tomatine may be
an important

factor as to why the soybean

looper

is not

commonly found on tomatoes. They demonstrated that the soybean
looper tolerated concentrations that ranged from 0.001 to
0.05% of diet wet weight
concentrations

(wwt)

(0.10% wwt),

of a-tomatine.

detrimental

effects

At higher
in larval

development were observed. Those studies suggested that the
soybean

looper

is

a

generalist

herbivore

that

tolerates

relatively low concentrations of a-tomatine.
The allelochemical a-tomatine, a steroid glycoalkaloid,
is restricted to the family Solanaceae particularly in the
genera

Solanum and

Lycopersicon

(Roddick

1974) . This

steroid
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alkaloid

is

toxic

to

a wide

including fungi (Defago &

range

of

living

organisms,

Kern 1983; Costa & Gaugler 1989;

Schlosser 1975). This led us to investigate the effects of a tomatine

on

the

susceptibility

of

the

soybean

looper

to

entomogenous fungus N. rileyi.

MATERIALS AND METHODS

Larvae of the SBL from laboratory-reared colonies (USDAARS, Stoneville, Mississippi) were reared on a pinto beanbased diet developed by Burton

(1969) . Cultures of N. rileyi

(isolated from SBL larvae collected

in 1988

from soybean

fields near St. Gabriel, Louisiana) were grown on Saboraud
maltose agar + 2% yeast extract (SMA+Y) at 23.8°C, 80% RH, and
14:10 h

light:dark photoperiod.

(LC50 = 20 conidia/mm2 and
conidia

were

concentrations

used

for

were

Two

lethal

concentrations

LCgo = 90 conidia/mm2) of N. rileyi

conducting

determined

the
from

experiment.

These

preliminary

data

(unpublished).
Burton's diet was modified with a-tomatine (United States
Biochemicals Corp, Cleveland, Ohio)

at 0.04% wet weight of

diet. This concentration of a-tomatine caused 50% reduction
in SBL

larval

growth

(ED50) when

compared with

a control

(Gallardo & Boethel 1990). The allelochemical was incorporated
into the diet at the time of diet preparation.
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The methods followed were similar to those described by
Gallardo et. al.

(1990). Two batches of diet were prepared;

one batch was modified with a-tomatine, and the second batch
was not (Control). One SBL neonate was placed in each diet cup
(29.6-ml) and reared in an environmental chamber at 27°C and
14:10

LD photoperiod.

When the

larvae reached the second

instar, each batch of insects was divided into three groups
(100 diet cups each). Two of the groups were treated with

N.

rileyi conidia and the other remained as a group control.
The methodology used to inoculate the larvae with N. rileyi
conidia was

similar to

that described by

Boucias

et

al.

(1984) . The SMA+Y medium was poured into 100 by 15 cm sterile
disposable

plastic petri platesand allowed to

solidify and

cool.

concentrations

conidia,

Two

determined with
suspended

in

(LC50 and

LCgo) of

a Petroff-HausserR counting
0.008%

Triton

X-100 (Rohm

chamber,
&

Haas

as

were
Co.,

Philadelphia, PA) in sterile distilled water. Then 0.2 ml of
the appropiate suspension was added to the center of each
SMA+Y plate, and rotated to spread the suspension across the
plate and allowed to dry for one hour. After one hour, ten SBL
larvae (second instar) were introduced per plate. Plates were
placed

in

an

environmental

chamber at

25"C,

LD

14:10

photoperiod. After 24 hours, the larvae were returned to diet
cups with or without a-tomatine depending on the treatment.
Larvae in the control were handled in the same manner but were
not exposed to the entomopathogen.
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The following treatments were established: a-tomatine +
N. rileyi LC50 (a-t+N50) , a-tomatine + N. rileyi LCgo (a-t+N90) , atomatine (a-t) , Control + N. rileyi LC50 (C+N50) , Control + N. rileyi
LCgo (C+N90) , and Control (C) .
Treatments were placed in an environmental chamber at
25 °C, the optimal temperature for the development of
(Gardner 1985),

and at LD 14:10 photoperiod.

N. rileyi

A completely

randomized design (CRD) of treatments was used. Humidity was
maintained at > 80% during the first two days post-infection.
This condition enhanced penetration of the cuticle of the
larvae by N. rileyi germ tube which occurs within two days of
topical treatment (Mohamed et al. 1978).
At

four

days

post-infection

ten

larvae

from

each

treatment were selected at random, dissected and checked for
fungal hyphal bodies under phase microscopy to determine if
a-tomatine permitted early fungal development.
Daily observations of symptoms or signs of the disease
and mortality were

recorded until

pupation.

Also,

larval

weights at 10 days post-treatment, larval developmental time
and pupal weights were recorded.

Larval cadavers were placed

in petri dishes with moistened filter paper at 25°C to allow
for external fungal growth and sporulation in order to confirm
the cause of death.
Normality of the data was tested and log transformations
were performed in cases where the data did not follow a normal
distribution. Data were analyzed by the general linear model
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of the statistical analysis system (SAS Institute, 1985) and
significantly

different

means

were

separated

by

Duncan's

Multiple Range test (P < 0.05).

RESULTS AND DISCUSSION

No significant differences in larval weights (P > 0.05)
were found among treatments wherein the larvae were subjected
to the LC50or LCgodosage of fungal conidia, when compared with
the control. The lack of significant differences among those
treatments and the control may be attributed to the mortality
associated with the fungus and observed in those treatments
before weighing at 10 days post inoculation. Then, only the
larvae

from the LC50 and LC90 treatments that overcame the

disease and survived were weighed. a-Tomatine significantly
(P <

0.05)

reduced

larval

growth,

resulting

in

a

53.9%

decrease in larval weight relative to the control (normal diet
devoid of a-t)

(Table 1) . Similar results were obtained by

Gallardo and Boethel

(1990) . They found that a-tomatine at

0.04% wwt reduced SBL larval growth approximately 50% when
compared with the control. Significantly lower larval weights
(F= 3.18; df= 5, 105; P < 0.05) were observed in treatments
a-t and at+N50 when compared with the control. The treatments
a-t+N50

and

a-t+N90

caused

55.9

and

31.1%

decreases

in

relative growth, respectively, whereas the treatments C+N50
and C+N90, resulted in 21.7 and 28.4% decreases in relative
growth, respectively (Table 1).
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No significant differences

(F= 1.83; df= 5, 116;

P >

0.05) in pupal weight were observed among treatments (Table
1) . The lack of differences among treatments in pupal weights
can be explained by two factors. First, the larvae exposed to
conidia of N. rileyi, but not showing symptoms of infection,
developed normally, and second, larval developmental period
was not different (P > 0.05) among treatments. The latter gave
the

larvae

opportunity

treated
to

with

attain

a-tomatine

the

critical

and/or
weight

N.

rileyi

the

necessary

for

pupation, which resulted in pupal weights similar to those
reared in the control.
Data on the effects of a-tomatine and N. rileyi on the
mortality of SBL larvae are shown in Table 2.

Significantly

(F= 18.56; df= 5, 24; P < 0.05) less mortality occurred in
treatment a-t+N90 than in C+N90. No significant differences
(P > 0.05) in mortality were evident between the treatments
a-t+N50 and C+N50 or between a-t and the control. These data
indicate

that

the

allelochemical

reduced

the

mortality

associated with N. rileyi infection at the LC90.
Dissections

of

larvae,

under

phase

microscopy,

from

treatments exposed to the entomopathogen revealed the presence
of

fungal

hyphal

bodies

in

all

cadavers from treatments a-t+N50,

larvae
C+N50,

examined.

Larval

a-t+N90 and C+N90

sporulated as a result of N. rileyi infection (Table 2) . The at+N50 treatment significantly decreased (F=3.73; df= 3,16; P
< 0.05) percent sporulation due to N. rileyi compared to C+N50,
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with

41.0%

associated

fewer

larvae

with

the

allelochemical.

No

N.

exhibiting
treatment

significant

rileyi

that

sporulation,

contained

differences

the

(P > 0.05)

in

percent sporulation were observed between treatments a-t+N90
VS.

C+N90, a-t+N50

a-t+N90 or C+N50

VS.

C+N90.

VS.

These results indicated that a-tomatine inhibited the
development of N. rileyi conidiophores and conidia, especially at
LC50 °f conidia.
affect

the

At that level,

total

percent

the allelochemical did not

mortality

but

did

decrease

the

percent of larvae producing conidia (Table 2) . This condition
could

hamper

an

epizootic

of

conditions because of decreased

the

disease

inoculum.

under

At the

field

LCg0, a -

tomatine significantly (P < 0.05) decreased the mortality of
SBL larvae when compared with the larvae that fed on diet
devoid of the allelochemical (Table 2). Thus, at high levels
of inoculum, a-tomatine has the potential to protect the host
against N. rileyi. Gallardo et al. (1990) found in studies of H.
zea

that

the

allelochemical,

a-tomatine,

inhibited

the

development of N. rileyi conidiophores and conidia at the LCgo,
while at the LC50, it decreased the mortality of H. zea larvae.
Addressing the question of whether allelochemicals alter
the

pathogenicity

of

entomopathogens

generalist herbivores, Krischik et al.
that higher

levels

Manduca sexta L.

of

nicotine

herbivore)

it

specialist

and

(1988), demonstrated

increased

(specialist herbivore)

(Hubner)(generalist

on

survivorship

of

while in Trichoplusia ni
enhanced

mortality
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occasioned by BT. Also, they found that rutin provided some
protection against BT for T. ni at low concentrations but not
at high concentrations (> 0.01% wwt). They concluded that the
two allelochemicals mediate pathogenicity differently, and the
influence of nicotine on the pathogenicity of BT differs in
specialist and generalist herbivores. On the other hand, our
data demonstrated that a generalist herbivore,

such as the

SBL, that tolerates a-tomatine, can gain protection against
the entomopathogen,

N. rileyi.

In a closely parallel study,

Gallardo et. al. (1990) demonstrated that the tomato fruitworm
larvae gained protection from N. rileyi when fed diet modified
with a-tomatine. The tomato fruitworm, which is a generalist
insect-herbivore adapted to utilize tomato as a host-plant,
tolerated higher concentrations of a-tomatine than the SBL.
The ED50 for the former was 0.9 micromoles of a-tomatine per
gram of wet weight (juma/g wwt) of diet (Duffey et al. 1986;
Gallardo & Boethel,

unpublished data) while the ED50 for the

latter was 0.4 fima/g wwt (Gallardo & Boethel 1990). Compared
with the SBL, the tomato fruitworm is a specialist in terms
of

its

ability

tomatine,

to

tolerate

higher

concentrations

especially those found in tomato fruits

of

a-

(Roddick

1974), in which it is commonly found. Indeed, specialists can
utilize allelochemicals more efficiently to gain protection
against pathogens (Krischik et al. 1988); however, based on
our results, generalists that tolerate certain concentrations
of an allelochemical can do likewise.

As stated by Barbosa

(1988),

"the differential susceptibility of specialist and

generalist

may

reflect

different

responses

to

the

type,

concentration and number of allelochemicals, as well as the
degree of

fluctuation

in allelochemical

concentrations to

which each is exposed". Therefore, each system is unique, and
conclusions should be made only within the boundaries of each
system.
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Table 1.

Effects of a-tomatine and Nomuraea rileyi on the growth
and development of Pseudoplusia includens.

Mean body weight (mg)b

Mean
larval

Treatments3 10-d-old larvae

a-t+N50

33.5 ±

C+N50

7.6 b

pupae

development (days)

265.1 ± 11.5 a

22.4

± 0.54 a

59.4 ± 14.3 a b

243.1 ±

21.6

± 0.51 a

a-t+N90

52.3 ±

9.9 a b

258.4 ±7.8 a

21.1 ± 0.53 a

C+N90

54.3 ±

7.7 a b

234.9 ± 10.1 a

21.3 ± 0.60 a

a-t

35.0 ±

6.9 b

266.7 ±

8.7 a

22.5 ± 0.59 a

C

75.9 ± 15.3 a

263.4 ±

9.1 a

20.8 ± 0.47 a

9.3 a

3 a-t = a-tomatine, C = control, N50 = N. rileyi LC50, N90 =
N. rilevi LC90.
b Means ± SE followed by the same letter within columns are
not significantly different (P > 0.05, Duncan's Multiple Range
test [SAS Institute, 1985]).
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Table 2.

Effects of a-tomatine and Nomuraea rileyi on the
mortality of Pseudoplusia includens.

% Mortalityb

Treatments3

% Sporulated0

a-t+N50

51.0 ± 6.2 b

45.5 ± 7.4 b

C+N50

61.0 + 7.1 a b

77.2 ± 4.4 a

a-t+N90

59.0 + 5.7 b

60.7 ± 9.3 a b

C+N90

80.0 + 4.0 a

73.1 ± 3.5 a

a-t

22.0 + 3.6

C

C

11.0 + 2.6

C

3 a-t = a-tomatine, C = control, N50 = N. rileyi LC50, N90
rileyi LCgo.
b Means ± SE followed by the same letter are not significantly
different

(P

>

0.05,

Duncan's

Multiple

Range

Institute, 1985]).
0 Percent of cadavers that produced fungal conidia.

test

[SAS

SUMMARY

To

determine

pathogens may

how

interact,

plant

allelochemicals

and

insect

a system was developed using the

following components: the allelochemical, a-tomatine, and the
entomogenous fungus, Nomuraea rileyi (Farlow) Samson, acting on
the soybean looper,

Pseudoplusia includens

tomato fruitworm, Heliothis zea (Boddie) .

(Walker)

and on the

Several findings were

discovered during the course of this research.

These are

enumerated below, by chapter:

CHAPTER I.

Susceptibility of Heliothis zea (Boddie) larvae to

Nomuraea rileyi (Farlow)

Samson:

Effects of a-tomatine at the

third trophic level.

1.

In vitro, the allelochemical a-tomatine at 0.05 and 0.10%
wet weight of diet (wwt) inhibited colony formation and
growth of the fungus,

N. rileyi

This demonstrated the

direct inhibition of N. rileyi by a-tomatine.
2.

The

in vivo

test

revealed

that

larval

growth

and

developmental time were affected by a-tomatine and N. rileyi.
Detrimental effects on pupal development were observed
in larvae fed diet containing a-tomatine and also treated
with N. rileyi (LCgo) .
3.

The fungus was detected in the hemolymph and tissue of
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larvae treated with two lethal concentrations (LCgo and
LCgo) ° f N. rileyi, including those fed a-tomatine. Thus, atomatine did not prevent early development of fungal
hyphal bodies.
4.

At the LC50, a-tomatine protected larvae against N. rileyi
and increased survivorship; at the LC90, it inhibited the
development of N. rileyi, thereby reducing production of
conidia.

Thus, the alellochemical, a-tomatine, retained

its antifungal qualities beyond the second trophic level,
inhibiting the development of N. rileyi in H. zea.

CHAPTER II.

Effects of the allelochemical, a-tomatine, on the

soybean looper, Pseudoplusia includens (Walker) .

1.

Larval weight was decreased by increasing concentrations
(0.001 - 0.10% wwt) of a-tomatine.

Lower larval weight

and longer development time compared to the control were
observed at the higher concentrations

(0.05 and 0.10%

wwt) .
2.

A

linear regression

(Y = 217.86

- 2,089.53

X,

r2 =

0.9012) described the relationship between larval growth
and

the

a-tomatine

concentration

to

concentrations.

reduce

50%

of

The

larval

effective
weight

was

The EDS0 was validated in a subsequent experiment.

In

calculated (ED50 = 0.048% wwt).
3.

that study, a significant reduction (P < 0.05) in mean
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body weight of 10- and 12-day-old larvae was obtained in
larvae fed diet containing the ED^ dose of a-tomatine
when

compared

with

larvae

in

the

control.

Percent

relative growth ranged from 56.1 to 52.1% at 6 and 12
days, respectively.

CHAPTER III.
soybean

Effects of a-tomatine on the susceptibility of

looper

(Lepidoptera:

entomogenous fungus

1.

Noctuidae)

larvae

to

the

Nomuraea rileyi (Farlow) Samson.

The fungus was detected in the hemolymph and tissue of
larvae treated with two concentrations (LC50 and LCgo) of
N. rileyi, including those fed a-tomatine, thereby indicating
that a-tomatine did not prevent early development of
fungal hyphal bodies in the soybean looper.

2.

At the LCg0, a-tomatine protected larvae against N. rileyi
and increased survivorship; at the LC50, it inhibited the
production

of

demonstrated
tolerates

conidia

that

of

N.

a generalist

a-tomatine

entomogenous fungus.

can

be

rileyi.

Thus,

the

data

insect-herbivore

that

protected

against

an

CONCLUDING REMARKS

a-Tomatine

in the diet of H. zea larvae was able to

inhibit the development of Nomuraea rileyi conidiophores
conidia, especially at high doses (LC90) of conidia.

and

At that

level, the allelochemical, although not affecting the total
percent

mortality,

producing conidia.

did

decrease

the

percent

of

larvae

This condition could hamper an epizootic

of the disease under field conditions by decreasing available
inoculum.

At the LC50 dosage, a-tomatine significantly (P <

0.05) decreased the mortality of H. zea larvae when compared
with the larvae that fed on diet devoid of the allelochemical.
Thus, at low levels of inoculum, a-tomatine has the potential
to protect the host against N. rileyi.

This condition is of

adaptative advantage for insect-herbivores that can feed on
plants producing allelochemicals and thus gain protection from
the entomopathogen.
The ED50 of a-tomatine reduced the soybean looper larval
weight by approximately

50% compared to the control.

In

addition, it was demonstrated that a-tomatine, when added to
artificial diet at 0.05 and 0.10% wet weight

( 0.5 and 1

jumole/g wwt, respectively) , resulted in detrimental effects
on the growth and development of the soybean looper.

The

average a-tomatine level in tomato foliage is 1 fimoles/g wwt,
and

it ranges

results

from 0.5 to 10 /imoles/g wwt.

demonstrate

that

under
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natural

Thus,

these

allelochemical
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concentrations the soybean looper is able to feed on tomato
plants but further larval development would be affected.

This

may partially explain why the soybean looper is not commonly
found on tomatoes.
a-Tomatine
compounds

that

properties

to

occurs
may
the

in tomato plants

antagonize
soybean

or

along with

synergize

looper.

Because

other

its

toxic

of

these

synergistic effects, further studies are needed to understand
the effects of other tomato plant allelochemicals such as
chlorogenic acid and rutin on the soybean looper.
In

the

soybean

looper,

a-tomatine

inhibited

the

development of N. rileyi conidiophores and conidia, especially at
LC50 of conidia.
affect

the

At that level, the allelochemical did not

total

percent

mortality

but

percent of larvae producing conidia.

did

decrease

the

This condition could

prevent an epizootic of the disease under field conditions
because

of

decreased

inoculum.

At

the

LCgo, a-tomatine

significantly (P < 0.05) decreased the mortality of soybean
looper larvae when compared with the larvae that fed on diet
devoid

of

the

allelochemical.

Thus,

at

high

levels

of

inoculum, a-tomatine has the potential to protect the soybean
looper against N. rileyi.
Addressing

whether

allelochemicals

alter

the

pathogenicity of entomopathogens to specialist and generalist
herbivores, our data demonstrated that a generalist herbivore,
such as the soybean looper, that tolerates

a-tomatine, can
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gain protection against the entomopathogen N. rileyi.

The tomato

fruitworm, which is a generalist insect-herbivore adapted to
utilize

tomato

as

a

host-plant,

tolerated

higher

concentrations of a-tomatine than the soybean looper.

The

ED50 for the former was 0.9 micromoles of a-tomatine per gram
of wet weight (f m / g wwt) of diet while the ED50 for the latter
was 0.4 jum/g wwt.

Compared to the soybean looper, the tomato

fruitworm is a specialist in terms of its ability to tolerate
higher concentrations of a-tomatine, especially those found
in tomato fruits,

a common host.

Indeed,

specialists can

utilize more efficiently allelochemicals to gain protection
against pathogens; however, based on our results, generalists
that tolerate certain concentrations of an allelochemical can
do likewise.
In summary,

we conclude that the allelochemical

a-

tomatine retains its antifungal qualities beyond the second
trophic level, inhibiting the development of N. rileyi in H. zea
and P. includens.

Whether the fungus is affected directly or

indirectly via stress on the host remains to be determined.
The antagonistic effects of a-tomatine against N. rileyi
were

demonstrated

during

this

research.

Therefore,

in

addition to many other environmental factors that affect the
expression

of

an

entomopathogen

under

field

conditions,

allelochemical effects through the trophic levels need to be
considered.

However, further research is needed to test these

hypotheses under field conditions.
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